ABSTRACT A tri-polarized 12-antenna array working in the 3.5-GHz band (3.4-3.6 GHz) for future 5G (the fifth generation mobile communication) multiple-input multiple-output (MIMO) operations in the smartphone is presented. In order to reduce the mutual couplings and simplify the design process, orthogonal polarization technique is utilized. By combining a quarter mode substrate integrated wave-guide antenna and two open-end slots, a compact 3-antenna tri-polarization block operating in the 3.5-GHz band is achieved within a small volume of 17 × 17 × 6 mm 3 . Thanks to the orthogonal polarization features, the three antennas within the block are able to have good impedance matchings and low mutual couplings between antennas. By integrating four such tri-polarization blocks, a 12-antenna MIMO array is then designed for smartphone applications. It is also due to the tri-polarization feature, the proposed array could attain acceptable isolations and low correlations between antennas with only two additional decoupling structures. The proposed array is fabricated and tested, good antenna performances, such as return loss better than 10 dB, isolation higher than 12.5 dB, and antenna efficiencies higher than 50%, are obtained. The channel capacity of the 12-antenna array is calculated to be about 57 bps/Hz in a 12 × 12 MIMO system with 20-dB signal-to-noise ratio, which indicates the proposed array using tri-polarization technique is a good choice for future 5G terminals.
I. INTRODUCTION
Recently, as the fourth generation mobile communication (4G) is becoming mature, a lot of institutions have shifted their focuses to the fifth generation mobile communication (5G) [1] . There is no doubt that the data transmission rate will be one of the core indicators for future 5G communication [2] . Thus, how to improve the data rate for future smartphones becomes a great challenge for engineers.
MIMO (Multiple-Input Multiple-Output) operation becomes a good choice to enhance the wireless bandwidth for its ability in improving the spectrum efficiency without increasing the input power [3] . Some 2 × 2 and 4 × 4 MIMO operations have been utilized for present 4G systems [4] - [7] . However, even if working in a 4 × 4 MIMO system, the upper performance limits are still far below the required level for 5G communications (10 Gbps peak data rate) [8] , [9] . Hence, it becomes an inevitable tendency to integrate more antennas within the smartphone. Nevertheless, the more antennas are embedded into a highly integrated device like smartphone, the more complicated the mutual couplings will be. So, the key challenge is to design multi-unit antenna array with good MIMO performances for smartphone applications. In recent works, some eight-, ten-and even sixteenantenna arrays embedded in smartphone platform have been reported [10] - [18] . In [18] , an eight-antenna array operating in the 3.5-GHz band is proposed. The array is composed of four ingenious building blocks that are formed by two asymmetrically mirrored gap-coupled loop antennas. The calculated channel capacity are about 36 bps/Hz with 20 dB SNR (signal to noise ratio), and the performances are also verified by a practical test platform. In another work [13] , a sixteen-antenna array for 3.5-GHz band is embedded in the smartphone. The calculated channel capacity can reach about 70 bps/Hz with 20-dB SNR. Thus, the multi-unit antenna array for smartphone is very promising for future 5G communication.
Among the published papers for multi-unit antenna array in smartphone, most designs have adopted additional decoupling structures or some specific antenna structures and arrangements to achieved good performances (such as high isolation and low correlation). But how to find the proper decoupling structures and antenna arrangements is still a tough work. It is also worth to note that the orthogonal polarization technique could be used to achieve multi-unit antenna array with good performances for smartphone terminals [16] , [17] . The orthogonal-dual-polarized eight-antenna array proposed in [16] could attain good isolation without using any additional decoupling structure. However, the length of the array has limited the room for integrating more antennas. Thus, if the antenna number could be increased to further improve the data transmission rate, it would be more attractive in future 5G communications.
It is also noted that the orthogonal-tri-polarization technique could provide one more independent antenna unit than the dual-polarization [19] - [23] . Nevertheless, to the authors' knowledge, the tri-polarized antennas are usually used in base-stations rather than the terminal devices. The ultrathin profiles and compact inner spaces of the smartphones have limited the applications of tri-polarized antenna. Thus, it motivates us to find the proper types of the tri-polarized antennas for terminal devices and validate their performances in MIMO system.
In this paper, a compact tri-polarized 12-unit array operating in 3.5-GHz band for 5G MIMO smartphone application is proposed. The antenna array is composed of four identical tri-polarization blocks which only occupies a volume of 17 × 17 × 6 mm 3 . Each block consists of two open-end slots etched orthogonal to the two adjacent edges of the smartphone respectively on the system ground and a QMSIW (quarter mode substrate integrated waveguide) antenna [23] - [26] . Because the radiation apertures of the three antenna units are mutually orthogonal, tri-polarization features are able to attain by the block. Thus, good isolation and low correlation between any two antennas are achieved. And it is because of the orthogonal polarization features; only two additional decoupling structures are utilized to develop the 12-antenna array. The proposed array was fabricated and tested; desirable impedance matching and acceptable isolations over the entire operating band are obtained. The system metrics such as ECCs (envelope correlation coefficient), MEGs (mean effective gain) and channel capacities of the array are also studied to validate its potential ability in improving MIMO performances.
II. PROPOSED 12-ANTENNA ARRAY STRUCTURE
The geometry of the tri-polarized 12-antenna MIMO array for future 5G smartphone application is given in Fig. 1 . As is seen, the proposed 12-antenna array is made up of four identical tri-polarization blocks which are symmetrically placed on the four corners of the system circuit board. In this study, the system main board is selected to be 150 mm × 75 mm, which is a typical size for 5.5-inch smartphone. The system main FIGURE 1. Geometry of the proposed tri-polarized 12-antenna array for 5G MIMO operation in terminal devices, and detailed sizes of the tri-polarization block and neutralization line.
board in this case is a 0.8-mm thick FR4 substrate of relative dielectric constant 4.4 and loss tangent 0.024, and the system ground is printed on the back surface. Note that in order to fit for the demands of slim smartphone, the total thickness of the antennas (include the main board and system ground) is limited to 6 mm.
Detailed configuration and dimensions of the tripolarization block are also given in the upper right of Fig. 1 . As is shown, the tri-polarization block consists of three independent antenna units, which are a QMSIW antenna and two orthogonal-placed open-end slot antennas respectively. The QMSIW antenna is a microwave substrate filled cuboid structure with a size of 17 × 17 × 6 mm 3 , and Arlon AD260A (permittivity 2.6, loss tangent 0.0017) is used as the dielectric substrate. The two adjacent perpendicular surfaces towards the corner are opened while the other four surfaces are covered with copper. In order to further reduce the overall size, two slots are etched on the top of the two perpendicular metal surfaces. By exciting the antenna with a probe through the substrate at point A, good resonance is able to obtain. Two open-end slots of width 1-mm are etched along with the two perpendicular metal walls on the ground plane respectively, and each open-end slot is fed with a 50-microstrip feedline which is connected to an SMA connector on ground plane via the substrate. An on-board matching circuit consisting of a series chip inductor (C2, C3) and a series chip capacitor (L2, L3) are also adopted. By adjusting the inductance and capacitance of the lumped components, good impedance matching of the slot is able to attain.
In order to reduce the strong mutual couplings between the two open-end slots on the same shorter edge of VOLUME 5, 2017 the smartphone, decoupling network (DN) technique is adopted. The detailed structure dimensions of the DN are presented in the lower right of Fig. 1 . As is seen, the DN is composed of a neutralization-line (NL) and two phaseshifting lines (PSL). The PSL are two transmission lines extended from the feed-lines while the NL is a fine transmission line connected directly to the two feed-lines behind the PSL. In addition, a series chip capacitor (Cn) is also added to compensate the effects of the DN on the impedance matching. By properly tuning the length of PSL and width of NL, good isolation of better than 15 dB between the two slots over the entire 3.5-GHz operating band is obtained.
III. DESIGN PROCESS
The design process of the tri-polarized 12-antenna array is discussed in this section. Firstly, the tri-polarization block is introduced, and the simulated performances of the block are presented for discussion. Then, based on the tri-polarization block, a 12-unit antenna array is developed for 5G smartphone application.
A. DESIGN OF THE TRI-POLARIZATION BLOCK
As is discussed above, straight open-end slot antenna is a good choice for smartphone applications to generate linear polarized radiation because it could provide good XPD with simple and compact structure. So, in this paper, the straight open-end slot antenna is initially studied as well. As is shown in the upper right of Fig. 2(a) , two identical open-end slots are etched on the two adjacent edges of a square ground with orthogonal arrangement. Each slot has a length of 9.4-mm, which is only approximate quarter wavelength with respect to the center operating frequency. In order to get better impedance matching within the entire operating band, a matching circuit with a series capacitor (0.2 pF) and a series inductor (0.5 nH) is employed. Due to the orthogonal arrangement, the two open-end slot antennas are supposed to generate two orthogonal linear-polarized waves respectively.
The simulated S-parameters of the dual-polarized slot array are drawn in Fig. 2(b) . It's apparent that the impedance matching for the two slots are comparatively good, the return losses of both slots across the entire operating band are higher than 10 dB. However, at the same time, the coupling between the two slots is relatively strong. Although the orthogonal polarization could contribute to enhanced port isolation, the surface current on the ground plane is also an important cause for strong couplings. Thus, two closely placed antennas usually have strong coupling. On the one hand, the strong coupling will lead to deteriorated antenna efficiencies; on the other hand, it will also bring about higher antenna correlations. As a result, the system channel capacity will get decreased.
In order to further enhance the port isolation between the two slots, a decoupling technique has to be adopted. As is seen in the figure, there is a square blank area between the two slots, so, the conventional idea is to arrange a decoupling structure in this area, such as ground slits, parasitic units, neutralization line and so on. Although these structures may successfully bring good isolation between the two antennas, the added structure may also change the antenna's polarization status. In addition, the original intention of this study is to embed more antenna units within the smartphone so as to improve the channel capacity. Thus, employing a decoupling structure is not the best choice since the blank area is not effectively used. As the polarizations of the two slots are along the y-axis and x-axis respectively, introducing another z-direction polarized antenna can improve the utilization of space while guarantee the performances of the two existing slots.
As is shown in the left side of Fig. 2 (a), a QMSIW antenna is adopted as the z-direction polarized unit. Here, the QMSIW antenna is a microwave substrate filled cuboid structure whose two perpendicular surfaces towards the corner are opened as the radiating aperture while the other four surfaces are covered with metal. According to the mechanism of QMSIW antenna, the electrical field on the aperture is along the z-axis. Thus, the QMSIW antenna is supposed to generate z-direction polarized radiation with a very low profile (vertical height far lower than a quarter wavelength), which is very promising for ultra-thin smartphones. In addition to that, since the two perpendicular surfaces towards the two open-end slots are covered with metal, the interaction effects between the QMSIW antenna and the two slot antennas could be reduced to minimum. Thus, as is shown in the lower right corner of Fig. 2(a) , the three compactly arranged antennas with different polarization status could form a tri-polarization block. In order to reduce the size of the tri-polarization block, two slots are etched on the top of the two perpendicular metal walls. By adding the slots, the radiating aperture of the QMSIW antenna is enhanced, and the resonant frequency is lowered. However, as the tri-polarization block is minimized, the couplings between the QMSIW antenna and the two openend slots are also becoming stronger. Thus, there is a balance between the structure size and antenna performances.
The simulated S-parameters of the tri-polarization block is presented in Fig. 2(c) . As is clearly seen, the isolation between the two open-end slot antennas are successfully improved to better than 18 dB with the introduction of the QMSIW antenna while their impedance matchings maintain good (better than 10 dB) over the operating band. As for the QMSIW antenna, its impedance matching is slightly inferior, but it could still cover the entire operating band with return loss better than 6 dB, which is a general standard for smartphone antennas. Besides, the isolation between the QMSIW antenna and the two slots are also better than 14 dB over the entire operating band. And by simply increasing the size of the tri-polarization block, the impedance matching of the QMSIW antenna and the isolations between the QMSIW antenna and the slots could be improved.
The simulated electrical field distributions at 3.5 GHz are shown in Fig. 3 . As is seen in Fig. 3(a) , when the block is fed at port3 while the other two ports are terminated to 50-load, strong electrical fields are distributed at the open-end of the slot and decrease to the other end by degrees. Thus, the slot is working as a monopole slot at center frequency. In addition, as the slot is settled along y-axis, it could generate x-polarized radiation. Similarly, when port2 in the block is excited, strong electrical field distributions are seen in slot1, thus, y-polarized wave will be radiated. As for the QMSIW antenna, when it is excited, strong electrical fields are distributed at the central section of the open edge and gradually decrease to the diagonal, which is the typical electrical field distribution for QMSIW structures. Note two slots are etched on the two perpendicular metal walls, distinct electrical field distributions are also seen on the two open-end slots due to the couplings. Thus, by adjusting the two slots, improved isolations between the QMSIW antenna and the open-end slots can be obtained. In order to analyze the polarization statues of the proposed tri-polarization block (3-antenna array), the simulated E-field patterns excited respectively by the three ports are shown in Fig. 4 . As is seen Fig. 4 (a), when excited with port3, the antenna mainly radiates towards -y-orientation. And in its maximum direction, the E(phi) component is much larger than E(theta), it indicates that the antenna will radiate x-direction polarized wave at this feeding statues. Vice versa, when port2 is excited, the antenna will generate y-direction polarized radiation with XPD larger than 15 dB. As for the QMSIW antenna, when the block is excited with port1, it mainly radiates towards phi = −45 • direction, and in the maximum direction, E(theta) component is over 15 dB larger than E(phi). Thus, by combining the three antennas, a compact building block with tri-polarization feature is realized. The good antenna performances, small volume and low ground clearance demand of the building block indicate it is suitable for future 5G smartphone applications.
B. 12-PORT TRI-POLARIZED ANTENNA ARRAY
Based on the aforementioned tri-polarization block, a 12-port tri-polarized antenna array designed for the smartphone applications is therefore proposed. In the block, the orthogonal open-end slot antennas on the ground exhibit x and y direction polarization respectively, whereas the QMSIW antennas could generate z direction polarized radiation. In addition, from the simulated radiation patterns presented in Fig. 4 , the three kinds of radiations are towards different directions, which is good for the MIMO performances of this array.
As drawn in Fig. 1 , the 12-unit antenna array is made up of four identical tri-polarization blocks that are symmetrically mounted on the four corners of the main board. Duo to the symmetrical arrangement, each block could have same antenna performances. A decoupling network (DN) is utilized between the two open-end slots to reduce the strong mutual coupling between the two antennas. In order to further comprehend the effects of the DN, Fig. 5(a) gives two referential antenna array arrangements (case I and case II), and the corresponding results are depicted in Fig. 5(b) and (c).
When in case I, the antenna array is simply composed of four identical blocks that are symmetrically placed on four corners of the main board, and no additional decoupling technique is utilized. From Fig. 5(b) , it can be seen that the impedance matchings for the antenna units could maintain good. Thanks to the orthogonal polarization characteristics, good isolations (better than 14 dB) between different polarized units are obtained. However, duo to the short distance and same polarization features between the two slot antennas on the same short edge (Ant3 and Ant6), strong mutual coupling is caused. As depicted in the figure, the isolation between the two slots is merely 8.5 dB over the operating band, which is unacceptable for a smartphone application. Thus, in order to enhance the isolation between the two ports, a DN is adopted.
The precise derivation of the decoupling network (DN) has been detailedly introduced in [27] , according to the paper, the decoupling process could be divided into 3steps: firstly, adding a transmission-line (TL) to each port of the strongly coupled antennas to cancel the real part of the trans-admittance. Then, adding a parallel reactive component (lumped or distributed) between the ends of TLs to get rid of the imaginary part of the trans-admittance. Finally, using a matching circuit to further optimize input impedance matching for both ports.
As the case II shown in Fig. 5(a) , by slightly increasing the length of the feed-lines for the two slots, the real part of the mutual admittance between Ant3 and Ant6 could be translated into zero. Then, a transmission line (the NL) is introduced directly connected with the two feed-lines to adjust the imaginary part. By properly optimizing the width of the NL, the imaginary part of the transmission coefficient could also be translated into zero. Thus, the decoupling work between the two antennas is accomplished. In this paper, the length of the NL is 32 mm and the width is 0.6 mm. From Fig. 5 (c) , it's obvious that with the introduction of the NL, the isolation between port3 and port6 is successfully improved to better than 15 dB over the entire band while the other isolations basically maintain good. Note that the derivation of the NL is based on the assumption of 2-unit array, but the proposed antenna array is a 12-unit structure, so, the isolation between the two antennas is not improved to an excellent level over the entire band.
Nevertheless, as is aforementioned, though the isolation is successfully enhanced, the original impedance matchings for the two slot antennas are also disturbed with the introduction of the NL. From Fig. 5(c) , the two antennas can't cover the entire band with return loss better than 10 dB.
Thus, as the proposed structure shown in Fig. 5(a) , a series chip capacitor (Cn) is utilized to further improve the impedance matching of the two slots. The capacitor is connected between the feeding port and NL; hence, the decoupling effect of the NL won't be disturbed distinctly. The simulated results of the proposed 12-unit array are shown in Fig. 5(d) . From this figure, it's clear that return loss of the open-end slots antennas are better than 10 dB over the entire operating band while the QMSIW antenna could also cover the band with return loss better than 6 dB. As for the mutual coupling, it can be seen that with the help of NL, the isolations between any two antennas (including the same polarizations) are all better than 14 dB, which is perfectly acceptable for smartphone applications. In addition, by contrasting the three S-parameter figures, it can be seen that the impedance matchings for Ant1 and Ant2 won't be significantly affected. It once again proves that the antennas within the same block could independently work well.
IV. RESULTS AND DISCUSSION
In this section, the potential performances of the tri-polarized 12-unit array will be discussed by analyzing the results tested by a prototype. Firstly, the S-parameters including return losses and isolations are presented. Then, the radiation characteristics are discussed with the total efficiency and polarizations. Finally, the Envelope Correlation Coefficient (ECC), Mean Effective Gain (MEG) and channel capacities are studied to further assess the actual abilities of the array in enhancing the performances in the MIMO system.
A. S-PARAMETERS
The proposed tri-polarized 12-unit array was manufactured and its photograph is shown in Fig. 6 . Here, the simulations are obtained by HFSS version 15.0, and the test of S-parameters is conducted by an Agilent N5247A vector network analyzer.
The simulated and measured reflection coefficients of the proposed 12-antenna array are given in Fig. 7 . As is shown, although some slight deviations have been caused due to minor machining errors, the measured curves can still match the simulations well. To be specific, from Fig. 7(a) and (b) , both the x-direction polarized (Ant3, Ant6, Ant9 and Ant12) and y-direction polarized (Ant2, Ant5, Ant8 and Ant11) antenna have good impedance matchings at 3.5-GHz band, all the antennas can cover the entire band with return loss better than 10 dB. Meanwhile, as shown in Fig. 7(c) , all the z-direction polarized (Ant1, Ant4, Ant7 and Ant10) antennas can also cover the entire band with measured return loss better than 6 dB, which is the general requirement for smartphone antenna designs. Fig. 7(d) shows the measured transmission coefficients of the proposed antenna array. Due to the symmetry arrangement of the 12-antenna array, only the maximal 9 curves are presented for concision. From the figure, the couplings between any two antennas are all lower than −12.5 dB. Similar to the simulations given in Fig. 5(d) , the antennas within the same tri-polarization block have stronger mutual couplings (S 1,2 , S 1,3 and S 2,3 are relatively higher) due to their compact arrangement. Besides, thanks to the decoupling network (DN), a wide dip existing on the S 3,6 curve in the operating band can be also observed. But due to the fabrication and test errors, the dip on the curve is not as deep as the simulated one. Except for the four curves, all the other transmission coefficients are less than −15 dB, especially for the different polarized units. That's to say, the 12-antenna array could have good isolation between units under a very compact arrangement.
B. RADIATION PERFORMANCES
The simulated and measured total efficiencies of 12 antennas including the effects of mismatching losses are shown in Fig. 8 . The far-field results are tested by an anechoic starlab SATIMO chamber, and each antenna was measured with the other eleven ports connected to 50-loads. From the figures, approximately 10-20% discrepancies between the measured and simulated results are observed due to the simulation and machining errors. To be specific, from Figs. 8(a) and (b), the measured total efficiencies of the open end slots (x-direction and y-direction polarized antennas) are approximately 50-60% within the designed band, which are about 15% lower than the simulations. Apparently, the losses of the series chip inductor and capacitor on the feed-lines have led to the decline in total efficiencies. As for the QMSIW antennas (z-direction polarized ones), their measured total efficiencies within the operating band are about 55-70%. Though the measured results are not the same good as the simulations, all the antenna efficiencies are still higher than 50% within the entire operating band, which could meet the general requirement for smartphone antennas.
As is mentioned above, it is because the proposed antenna array could be divided into three orthogonally polarized groups, the isolations between different polarizations are able to ensure. Thus, in order to check the polarization status of the antenna array, the measured E-field patterns in the x-y plane at 3.5 GHz of each port excited separately are shown in Fig. 9 . From Fig. 9(a) , it can be seen that Ant3, Ant6, Ant9 and Ant12 exhibit good x-direction polarization feature. To be specific, Ant3 and Ant6 mainly radiate towards −y-direction while Ant9 and Ant12 towards +y-direction, and the CO-polarization (Ephi) of each antenna is much larger (difference over 10 dB) than the X-polarization (Etheta) respectively on their maximum direction. That is to say, the four open-end slots parallel to y-axis could radiate x-direction polarized wave. Analogously, from Fig. 9(b) , the radiations of Ant2 and Ant11 are mainly towards −x-direction while Ant5 and Ant8 are towards +x-direction, and the CO-polarization (Ephi) of each antenna is also over 10 dB larger than the X-polarization (Etheta) on the maximal direction. So, the four open-end slots parallel to x-axis could generate y-direction polarized radiation. As for the QMSIW antennas, because their radiation apertures are outward along the corners, so, the maximum direction of Ant1, Ant4, Ant7 and Ant10 are towards −135 • , −45 • , 45 • and 135 • respectively. Different from the eight slots, the Etheta becomes the CO-polarization and Ephi are the X-polarization, and their differences on the maximum direction are over 10 dB. So, the four QMSIW antennas could generate z-direction polarizations. In addition, by further observing the patterns of the eight open-end slots, it's easy to find that some differences in radiation between the two groups have been caused by the asymmetry (length unequal to width) of system ground. And the radiation direction of each slot has slightly deflected to the other slot on the same edge. Although these phenomena have been caused, the good isolations and low ECCs could still prove the effects of tri-polarization.
C. MIMO PERFORMANCES
Since the proposed tri-polarized array is designed for future 5G applications, its ability in improving the data transmission rate becomes a crucial index. So, the metrics necessary to verify the potential MIMO performances of the 12-unit array (such as ECCs, MEGs and ergodic channel capacities) are calculated.
The calculated ECCs of the proposed array are plotted in Fig. 10(a) . In this study, the ECCs and MEGs are calculated from the measured three-dimensional (3D) electrical-field patterns of Ant1-Ant12 in the array [28] . The 3D power angular spread (PAS) is defined as Gaussian distribution on the vertical plane while uniform distribution on the horizontal plane, and the cross polarization ratio (XPR) is assumed as 2 dB for an ordinary fading environment. Only the 10 maximal and typical ECCs are presented in this figure for concision.
Among the 12 antennas, it can be seen that the antennas within the same tri-polarization block (Ant1 and Ant2, Ant1 and Ant3, Ant2 and Ant3) have higher correlations, but their ECCs are still lower than 0.2. As for the others, the ECCs are all lower than 0.1. That's to say, the correlation level of the proposed antenna array is very low, which could contribute to the array's MIMO performances.
The calculated MEGs of the 12 units (respectively excited) are exhibited in TABLE 1. From the table, the MEGs for the x-direction, y-direction and z-direction polarized antennas are varied from −5.86 dBi to −5.54 dBi, −5.66 dBi to −5.36 dBi than 1.7 dB for frequencies across the whole operating band. For each antenna, the variations of MEGs are also less than 1 dB within the band, meaning the proposed array has comparable MEGs. The calculated channel capacity of the proposed 12-unit array in a 12 × 12 MIMO system is depicted in Fig. 10(b) . When calculating, the antennas at the transmitting side are assumed to be uncorrelated with 100% efficiency, and the independently and identically distributed (i.i.d) channels with Rayleigh fading environment considered. The presented channel capacities are averaged over 10,000 Rayleigh fading realizations with an SNR of 20-dB [12] , [13] , [18] . As is shown, the channel capacities of the 12-unit antenna array could reach approximate to 57 bps/Hz in the 3.5-GHz band, which is about 4.95 times higher than that of an ideal 2 × 2 MIMO system (about 11.5 bps/Hz in [29] ). In addition, as is shown in TABLE 2, the average spectrum efficiency for each antenna is 4.75 bps/Hz, which is higher than the 4.7 bps/Hz in a 10 × 10 MIMO system [12] and 4.375 bps/Hz in a 16 × 16 MIMO system [13] . So, utilizing orthogonal tri-polarization into smartphone antenna design could not only improve the isolations and antenna efficiencies, but also enhance the system spectrum efficiency and channel capacities. Besides, it's noted that with a 200-MHz bandwidth such as the 3.4-3.6 GHz band in the proposed 12 × 12 MIMO system, the channel capacities can reach as high as 11.4 Gbps with 20-dB SNR. Therefore, the proposed antenna array is very promising for future 5G smartphone applications.
Furthermore, a comparison chart including previous works on tri-polarized antennas is also presented to further illustrate the merits of the proposed design. As is shown in TABLE 3, the proposed block has a lower profile in comparison with the conventional designs (including orthogonal-placed dipoles and monopoles) [20] , [22] . And compared to the low profile schemes [21] , [23] , the overall size of the block is also distinctly reduced due to its compact arrangement. Thus, it becomes possible to integrate tri-polarized antennas in an ultra-thin device such as smartphone terminals. 
V. CONCLUSION
In this paper, a tri-polarized 12antenna array operating in 3.5-GHz band for future 5G smartphone application is designed. Orthogonal polarization technique is utilized to reduce mutual couplings and correlations between antennas and also simplify the design process. The 12-antenna array is formed by four identical tri-polarization blocks which include two open-end slots and a QMSIW antenna. Due to the orthogonal polarization features, the three antennas with compact arrangements could work well independently, and only two additional decoupling structures are required to ensure low mutual coupling between antennas within the 12-antenna array. The proposed array was also manufactured and measured, good impedance matchings, acceptable isolations and high efficiencies are obtained. Good ECCs of less than 0.2 and MEG differences of less than 1.7 dB between two arbitrary antennas indicate the array applies well to MIMO system. Moreover, the calculated channel capacities of the array in a 12 × 12 MIMO system is about 57 bps/Hz with a 20-dB SNR, which indicate that the proposed 12-unit array is a good choice for future 5G smartphone applications. 
